In this work, we describe polymer-solvent interactions in biosynthesized and biodegradable poly[(R)-3-hydroxybutyrateco-(R)-3-hydroxyhexanoate] (PHBHx) and the atactic homopolymer, poly(3-hydroxybutyrate) (a-PHB), which were studied both as neat polymers and in solutions of chloroform and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). Specifically, infrared frequency shifts of the carbonyl band were observed in semi-crystalline PHBHx, but not in a-PHB, because it cannot form the helical conformation required for crystallization. The carbonyl band of PHBHx exhibited the high frequency associated with amorphous structure in chloroform and the lower frequency traditionally attributed to the helical crystalline structure in HFIP. The same results were obtained for a-PHB, demonstrating that the helical structure is not required for a lower frequency carbonyl-stretching mode. It is proposed that the band shift is due to hydrogen bonding between the carbonyl and hydroxyl hydrogen in HFIP. Therefore, the carbonyl frequency observed upon crystallization is most likely due to hydrogen bonding between the carbonyl and methyl hydrogen of the neighboring polymer chain in the crystal lattice as previously suggested.
Introduction
Poly(hydroxyalkanoate) (PHA) polymers are a class of biodegradable polyesters produced by a variety of microorganisms that utilize PHA as a carbon and energy storage medium. Poly(hydroxybutryate) (PHB) homopolymer and its various copolymers have received widespread interest over the past few decades due to its potentially useful thermal and mechanical properties. [1] [2] [3] [4] [5] The homopolymer itself suffers from a high crystallinity and melting temperature near its thermal degradation onset, making it difficult to process. One class of copolymers, poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHx) with various amounts of the 3HHx comonomer has been developed to overcome this shortcoming. PHBHx has a lower crystallinity and melting temperature compared to the homopolymer, in addition to improved mechanical properties. 6 Both the homopolymer and the copolymer crystallize into a 2 1 alpha helix which packs into an orthorhombic unit cell (a ¼ b ¼ g ¼ 90 ) with a ¼ 5.76 Å , b ¼ 13.20 Å , and c ¼ 5.96 Å . 7 The comonomer cannot pack into the crystal lattice of HB due to the longer propyl group, thus acting as a defect in the PHB crystal. 1 Department of Materials Science and Engineering, University of Delaware, Newark, DE, USA 2 FXI Inc., Aston, PA, USA 3 Danimer Scientific., Bainbridge, GA, USA Infrared (IR) spectroscopic studies on PHB and PHBHx indicate that there is a shift of the carbonyl stretching band from 1740 cm -1 in the amorphous state, to 1720-24 cm -1 after crystallization has occurred. Sato et al. 8 have illustrated through wide angle X-ray diffraction (WAXD) and 3D modeling that the spatial location of one of the methyl hydrogens and the carbonyl oxygen yields a distance between them as low as 2.63 Å , about 0.09 Å closer than the van der Waals separation between these atoms. Such a close proximity leads the group to suggest that there may be interaction between the two atoms, possibly even hydrogen bonding. Furthermore, it was proposed that the shift in the carbonyl upon crystallization may not be due to conformational differences between the amorphous state and the helix, but rather attributable to the bonding between the methyl hydrogen and the carbonyl oxygen resulting in stabilization of the polymer crystals. The CH 3 stretching band also shifted to a higher frequency, which is further indication of the hydrogen bonding.
If the crystalline carbonyl stretching frequency is due to the existence of hydrogen bonding between the helices in the crystal lattice, then it should be possible to observe a similar shift when PHA is dissolved in a solvent having strong Lewis acid functionality capable of forming hydrogen bonds. In turn, in the case of a solvent lacking any strong Lewis acid groups, the polymer should only exhibit the carbonyl absorption frequency observed in its fully amorphous state. Similar trends were observed by Iriondo et al. 9 for blends of poly(vinylphenol) (PVPh) and PHB, though there was no attempt to draw the relationship back to the band assignments in the neat polymers. This group was also unable to separate the 1740 cm -1 and 1722 cm -1 band even with high concentrations of PVPh.
The focus of this study is to understand the interactions that give rise to the shift in the carbonyl band upon crystallization and determine whether or not hydrogen bonding occurs in the neat polymer. By utilizing atactic PHB, instead of a semi-crystalline 13 mol% 3HHx PHBHx, we were able to negate the effects of the alpha helix conformation. Two good solvents of PHB were used to observe hydrogen bonding, chloroform and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). While the former does not have hydrogen bonding functionality, the later has the ability to hydrogen bond with its hydroxyl groups. Infrared spectroscopy performed on the neat polymers and the polymer solutions support the claim that hydrogen bonding, not the helical conformation alone, causes the shift in the carbonyl upon crystallization.
Experimental Materials
Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PH BHx) copolymer made by bacterial fermentation with 13 mol% 3HHx comonomer content and chemically synthesized atactic poly(3-hydroxybutyrate) (a-PHB) were supplied by Procter and Gamble Co. (Cincinnati, OH, USA) with no further purification. The weight average molecular weight of the co-polymer and a-PHB were 792 and 169 kg mole -1 , respectively. Chloroform and HFIP were purchased from Sigma-Aldrich Co., Ltd and used without further purification. Solutions of PHBHx in chloroform and HFIP were prepared at 1 wt% polymer concentration and stirred at 65 C until completely dissolved. Neat, crystalline polymer samples were prepared by solution casting onto KBr substrates, vacuum drying for at least 1 h to remove the solvent, then annealing in a convection oven at 70 C for 4 h to induce crystal formation. Neat, amorphous polymer samples were prepared by solution casting onto KBr substrates, removing the solvent quickly by flowing N 2 gas over the sample, then collecting data before crystallization could occur.
Fourier Transform Infrared (FT-IR) Spectroscopy
Infrared spectra were recorded using a Thermo Nicolet 670 Nexus FT-IR spectrometer with a DTGS KBr detector and a KBr beamsplitter in transmission mode. Spectra were averaged over 128 scans from 4000 to 400 cm -1 at 2 cm -1 resolution. Polymer solutions were observed in the IR between 2 KBr windows sealed with paraffin wax film to avoid solvent evaporation. All neat polymer samples were also analyzed using KBr substrates. Spectral figures are displayed with the y-axis full scaled to each spectrum so that they are viewed effectively normalized to the most intense peak in the current wavenumber region.
Results and Discussion Neat Materials
Chloroform and HFIP were selected for this study for their properties with regards to PHBHx. Both are able to dissolve the copolymer and form a stable solution. Both have low boiling points and evaporate quickly, allowing the casting of polymer films and observation of the purely amorphous phase before crystallization without solvent retention. These two solvents also have no overlapping IR bands in the carbonyl region, allowing undistorted observation of the PHBHx carbonyl group, shown in Fig. 1 , when in solution. Most importantly, chloroform lacks any functional groups with which to hydrogen bond with the copolymer carbonyl group, whereas HFIP contains a hydroxyl group and strongly electronegative fluorine atoms making the hydroxyl hydrogen more acidic.
Infrared spectra of neat 13 mol% 3HHx PHBHx, chloroform, and HFIP are shown in Fig. 2 . Though there is significant overlap of polymer and solvent absorption bands, the carbonyl region contains no peaks for either of the solvents. PHBHx absorbs primarily at two band positions that are dependent on the crystallinity of the polymer. The 1740 cm -1 peak is assigned to the carbonyl band in amorphous regions of the polymer and the 1722 cm -1 peak is assigned to the alpha crystal phase. 10 The difference between the amorphous and crystalline bands is illustrated in Fig. 3 .
As an amorphous film, PHBHx yields a broad carbonyl absorption centered at 1740 cm -1 . After annealing the polymer for 4 h at 70 C, a new carbonyl peak develops at 1722 cm -1 . Atactic PHB, however, cannot fold into the helical structure due to its tacticity and therefore is noncrystalline. Even after 4 h of annealing the carbonyl region is identical with the original amorphous spectrum. It has been proposed by Sato et al. 4 that when the polymer is in its a crystal phase the carbonyl group is partially bound to one of the neighboring polymer chain methyl group hydrogens, both of which are pointed away from the center of the helix. It is this hydrogen bonding that shifts the carbonyl from 1740 cm -1 to 1722 cm -1 due to restricted motion of the bound carbonyl group. The a-PHB chains cannot form a helix, so they are unable to pack into the a crystal structure that forces the two functional groups into close proximity, thus restricting the formation of hydrogen bonding of the carbonyl group.
Polymer Solutions
If the shift of the carbonyl band between amorphous and a crystalline phases in PHB and the copolymer is due to partial bonding between the carbonyl and the methyl group, then a similar shift should be observed in solution when comparing a non-hydrogen bonding solvent and one which can hydrogen bond. Figure 4 shows IR spectra of 13 mol% 3HHx PHBHx in chloroform and HFIP, which demonstrates that such a trend exists in solution.
Chloroform is a good solvent for PHB, allowing the polymer to be fully dissolved and showing no characteristic carbonyl crystalline peak at 1722 cm -1 . When dissolved in HFIP, also a good solvent for PHB, the polymer yields a similarly shaped carbonyl band shifted to the position associated with the a-crystalline structure. The difference between the two solvents is in their ability to hydrogen bond, which may explain why the PHBHx carbonyl is shifted to a lower frequency in HFIP. However, there is still the possibility that the polymer is able to retain the helical structure in HFIP and not in chloroform, indicating that the crystal band is not coming from the interactions with its neighboring polymer chain.
To rule out the possibility of alpha helix retention in solution as the cause of the carbonyl shift, the same spectra were collected for atactic PHB in solution, shown in Fig. 5 . The same results were obtained for atactic PHB as were observed for the copolymer. When dissolved in chloroform, the carbonyl band is found at the amorphous absorption of 1740 cm -1 , but in HFIP it shifts down to the a crystalline absorption at 1722 cm -1 . Considering that the atactic polymer is unable to arrange itself into a helix, the shift in the carbonyl band cannot be due to the presence of 2 1 helices in the solution but instead arises from the hydrogen bonding interactions. Iriondo et al. 5 also reported carbonyl crystalline peaks for blends of PVPh/a-PHB and they were able to demonstrate that frequency shift of the carbonyl band can be induced through hydrogen bonding. However, that study was focused on determining and modeling miscibility in blended polymer systems and did not mention whether the carbonyl observed in neat PHAs could be attributable to hydrogen bonding within the crystal lattice.
Conclusion
To determine the cause of the carbonyl shift between amorphous and crystalline phases of a class of polyesters, 13 mol% 3HHx PHBHx and atactic PHB were analyzed using infrared spectroscopy. By dissolving the polymers in chloroform and HFIP, the location of the carbonyl band was observed with and without the possibility of hydrogen bonding. Solutions in chloroform yielded a carbonyl band traditionally associated with an amorphous structure, whereas those in HFIP exhibited a carbonyl band often attributed to crystal formation. Due to the inability of atactic PHB to form a helical structure required for crystallization, the possibility of helical conformation in solution was ruled out, leaving hydrogen bonding as the only explanation. 
